The structural and electronic properties of BN, AlN, and GaN nanowires (NWs) under different strain condition are investigated using first-principles calculations. We found an anomaly of band gap change with respect to the applied external uniaxial strain. We show that this is due to the band crossing caused by the crystal field splitting at the top of the valance band. Due to the difference of the atomic relaxation at the core and surface regions of the NW, we show that electron and hole separation can be achieved when the compressive uniaxial strain exceeds the critical value j c j. In the last decade, group III nitride semiconductors have emerged as the most important material systems for light emission in the green, blue, and ultraviolet regions that were previously not accessible for efficient and stable solid-state lighting.
In the last decade, group III nitride semiconductors have emerged as the most important material systems for light emission in the green, blue, and ultraviolet regions that were previously not accessible for efficient and stable solid-state lighting. [1] [2] [3] [4] Forming nanostructures of these materials, especially nanowires (NWs), which possess unique physical and chemical properties arising from the large surface to volume ratio and the quantum confinement effects of the onedimensional system, provides further opportunities of using them to design optoelectronic devices, nanoswitches, and nanocontacts. [5] [6] [7] [8] In device design and fabrication, it is often desirable that the electrons and holes generated in the NWs can naturally separate to reduce the wavefunction overlap between them, thus the recombination rate. For example, making the electron and hole diffuse in different pathes after photoexcitation is an often used approach in improving the efficiency of a number of renewable energy applications, including hydrogen generation via photoelectrochemical water splitting 9 and solar cells. 10, 11 Increased efforts have been devoted to search for realistic methods for efficient charge separation, and one of the approaches could be to form a type-II core/shell heterostructure NW where the holes and electrons travels in the core or shell regions, respectively. 12, 13 Although this approach have some achievements, the core/shell NWs are often difficult to fabricate for materials with type-II band alignment. Thus, it is desirable to find a simple approach to obtain homo structures with simultaneous charge separation properties similar to those of core/shell heterostructures.
Properties of semiconductor nanostructures can be tuned by varying their size and shape. Because the surface and core regions of the nanostructure react differently to the external force or field, we may expect that it is possible to achieve charge separation in a pure nanostructure by morphology control. Indeed, it has been reported recently that significant modification of band structures and axial charge separation in silicon NWs can be achieved via uniaxial tensile and compressive deformation. [14] [15] [16] [17] Therefore, applying strain in nitride NWs may also lead to charge separation in the NWs. However, the strain effect on properties of nitride NWs is still poorly understood. In this letter, the structural and electronic properties of BN, AlN, and GaN NWs under different strain conditions are investigated using first-principles calculations. The band gaps for these nitride NWs show nonlinear relationship with the strain, and more interestingly, the slope of the band gap vs. strain curve changes sign at a critical compressive condition. We show that this is due to the band crossing caused by the crystal field splitting at the top of the valence band. Moreover, we find that charge separation of electron and hole states can also be controlled by applying external strain on the nitride NWs along the wire axis.
In our study, all the structural optimizations and energy band calculations are performed using the density-functional theory in the generalized-gradient approximation (GGA). 18 The projected augmented wave method (PAW) 19 as implemented in the VASP (Refs. 20 and 21) code is employed. The energy cutoff is set at 450 eV and a 1 Â 1 Â 6 k-point grid is used for structural optimizations. All NWs are fully relaxed until the force acting on each atom is less than 0.02 eV/Å .
The atomic structures of all the NWs are initially constructed from the bulk wurtzite crystal structure with theoretically optimized lattice parameters. The direction of the NWs is chosen to be along the [0001] direction with six ð10 10Þ lateral facets without passivation. 22, 23 The supercell has a square shape in the xy plane with 108 atoms in it. A vacuum region of about 10 Å is set to decouple the interaction between adjacent NWs. In this work, we mainly focus on uniaxial strain applied to the NWs along the wire axis z and the strain is defined as ¼ ðc À c 0 Þ=c 0 , where c is the NW lattice constant and c 0 is the equilibrium lattice constant of the NW. For each strain applied in the z direction, the atoms are allowed to fully relax within the strained unit cell by minimizing the total energy.
We first investigate the structural properties of all the NWs under different strain conditions. The results for AlN Table I . The trend for GaN and BN are similar. It is clear that under free strain condition, Al-N bond lengths on the surface layer (the outermost Al-N layer) is reduced due to the reduced coordination number, while in the core region (the innermost Al-N layer), they are less affected by the reduced dimensional and remain close to their original bulk value. Consequently, to have the same c value in the two regions, the effective c=a ratio at the surface is much larger than that at the core region. When we compress (negative strain) the NW along the z direction, all of the bond lengths decrease monotonically near-linearly. However, the bond lengths away from the z direction, d xy , of the surface shell have a less shrinkage, so the c=a ratio decrease faster in the surface region. On the contrary, when a tensile strain is applied, the increase of the c=a ratio in the surface region is also faster than in the core region. The dependence of the c=a ratio on the strain is almost linear with the surface region having a larger slope. These can be understood by considering that surface bonds have larger freedom to relax in order to accommodate the strain. Figure 1 displays the electronic band structures of the NWs under different strain, and the energy changes of the conduction band minimum (CBM), valance band maximum (VBM), and band gap as functions of strain. The charge density of the states around the VBM and CBM of the AlN NWs in a small given energy rang (e.g., 0.03 eV) under different strain conditions as well as BN and GaN NWs under À8% strain condition are presented in Fig. 2 .
The band structures and charge density plots indicate that (1) under tensile strain ( is positive), the energies of CBM and VBM states of the considered NWs shift in opposite directions in response to the applied strain, i.e., CBM (VBM) shifts downwards (upward) with increasing strain. (2) When the NW is compressed ( is negative), the CBM goes up almost linearly with the increasing of the compressive strain, while the change of VBM is not monotonic. At first, the energy of VBM state decreases as the compressive strain increases. However, for large compressive strain, it will increase with the increase of the compressive strain. (3) Because the energy of the VBM state varies nonmonotonically with the strain, the slope of the band gap vs. strain curve changes sign at a critical compressive condition, c , which is similar for GaN and AlN but larger for the more covalent BN. (4) Under zero strain, the band edge states around the VBM and CBM are mainly localized on the surface layer. Interestingly, however, as the compressive strain increases, the CBM state becomes even more localized at the surface region but the VBM state becomes more localized in the core region. Consequently, well-separated electron and hole states, i.e., charge separation is realized. The almost linear relationship between the energy change of CBM state and the strain can be easily understood by the deformation potential of the CBM state, which is an antibonding cation s and anion s state and depends mainly on the volume change. 24 When the strain decreases (becoming more negative), the volume of the cell decreases, so the antibonding energy of the CBM increases. For the VBM state, it is mainly a bonding anion p and cation p state, so when the volume decreases, the volume deformation potential pushes the level down. But, there are three p state and under uniaxial strain these states will split. The crystal field splitting can be seen clearly from the band structures plotted in Fig. 1(a) . Further analysis indicates that the anomaly of VBM change as a function of strain can be attributed to the combined effects of the volume deformation potential and the crystal field splitting. Specifically, when the NW has a tensile strain, due to the crystal field splitting, which depends almost linealy on the c=a ratio, the top of the VBM has the e-like symmetry (C 6 symmetry in wurtzite structure) and increases in energy with the tensile strain increases (see Fig. 3 ). Combined with the volume deformation potential, the VBM increases. Because the surface region has larger effective c=a ratio (i.e., more effective positive strain, see Table I ), the states near the VBM are more localized on the surface. When the NW is compressed, the VBM will drop down due to the volume deformation potential, but will increase due to the crystal field splitting when the top of the VBM becomes a 1 -like state (C 1 in wurtzite structure). Because the volume deformation potential is relatively small for more ionic AlN, GaN, as well as BN, the net effect is that the VBM will increase when the compressive strain increases (more negative). Because the core region has smaller effective c=a ratio (i.e., more effective negative strain, see Table I ), the states near the VBM become more localized on the core region when high compressive strain is applied. For the CBM state, when it is compressed, the CBM in the core region feels higher pressure than that in the surface region, which pushes the CBM level in the core region even higher in energy than that in the surface region, therefore, it becomes more localized in the surface region when compressive strain is applied. The explanation described above can also be used to explain the chemical trend of the critical strain j c j observed for the three nitrides NWs. BN is more covalent than GaN and AlN, consequently, has large positive crystal filed splitting (0.267 eV, i.e., C 6 is above C 1 , in wurtzite BN), therefore, it requires large j c j to convert it to a negative crystal field splitting system. Although AlN has negative crystal field splitting in the bulk phase, the effective c=a value of AlN NW is large at surface due to its higher ionicity, which explains why it has similar j c j as GaN, although GaN has slightly positive crystal field splitting in the bulk phase.
In summary, using first-principles calculations, we have investigated the structural and electronic properties of BN, AlN, and GaN nanowires along ½0001 direction with the f10 10g lateral facets under different strain levels. An interesting non-monotonic change of the band gap vs. the uniaxial strain is observed. We find that it is caused by the switching of the crystal field splitted states at the VBM. Moreover, we predict that a separation of charge carriers with hole in the core region and electron at the surface region can be induced when the compressive strain exceeds the critical value j c j. These interesting behavior provides new opportunities for developing NW-based nano optoelectronic devices for renewable energy applications. 
